We show that thin film star-shaped macromolecules exhibit significant differences in their average vitrification behavior, in both magnitude and thickness dependence, from their linear analogs. This behavior is dictated by a combination of their functionality and arm length. Additionally, the glass transition temperature at the free surface of a star-shaped molecule film may be higher than that of the interior, in contrast to their linear analogs where the opposite is true. These findings have implications for other properties, due largely to the origins, entropic, of this behavior. between the polymer segments and substrates, the average T g of the film decreases with decreasing H, ÁT g < 0 [5-7,12], whereas for strong interactions (e.g., hydrogen bonding), the T g increases with decreasing H, ÁT g > 0 [10-13]. Despite significant activity in this area, many issues, particularly in relation to implications of these findings, remain unclear.
an interface and associated effects over different length scales within the material, would lead to different average thin film T g 's, depending on the material or interface system. To this end, it might be anticipated that the architecture of the molecule would be important; entropic interactions between a macromolecule and an interface are sensitive to the architecture of the molecule, leading to changes in adsorption interactions and interfacial tension [20] [21] [22] [23] [24] . In light of these effects associated with interfacial processes, the natural question would be how molecular architecture might affect the vitrification behavior of polymers subject to thickness constraints. We show that, depending on the functionality and the length of the arm chain, the supported thin film of star-shaped polystyrene (PS) molecules can have significantly different vitrification behavior from that of their linear analogs. In addition, we show for the first time that the T g at the surface of starshaped PS films can be higher than the bulk; the opposite is true for linear chain PS molecules on the same substrates.
Films of a series of linear and star-shaped PS molecules (star PS) with different functionalities (f ¼ 3; 4; 8) and different molecular weights (purchased from Polymer Source Inc.) were prepared by spin-coating filtered solutions onto oxidized ($ 2 nm native oxide layer), h100i oriented, silicon substrates (purchased from Wafer World Inc.). The samples were then annealed in vacuum at $40 C above their bulk T g 's; films thicker than 50 nm were annealed for more than 24 hours, and films thinner than 50 nm were annealed for 12 hours.
The T g 's of the films were determined from measurements of the film thickness as a function of temperature ( C; PALS spectra were taken for 40 minutes at each T. More than one scan was performed for each sample. The free volume void sizes were determined directly by analyzing positron lifetimes, as a function of T, by using the well-established extended Tao-Eldrup relationship. The apparent T g for each energy (i.e., at each implantation depth) was deduced by using methods described elsewhere [28, 29] .
The effects of architecture of the molecule on the average T g of thin films are summarized in Fig. 2 . The T g of linear chain PS is shown to decrease with decreasing H (ÁT g < 0), a fact that is well known for this system, regardless of the degree of polymerization of the PS chains [8, 9] . We note that the average T g 's of star molecules of f ¼ Simulations show that by confining the film between impenetrable and repulsive, or noninteracting, walls ÁT g < 0, whereas ÁT g > 0 when the molecule or wall interactions are attractive [30] . Theories based on dynamic percolation, wherein the behavior of the system is characterized by transient regions of ''fast'' and ''slow'' dynamics, have also been proposed to explain the H-dependent T g in thin films [18, 19] . The presence of attractive interactions with a ''wall'' increases the fraction of slow domains leading to the increase of the T g with decreasing H.
Having demonstrated the effect of architecture on the average T g of the film, it would be important to examine the data further to learn more about the breadth of the transition and implications for the T g near the free interfaces. We accomplish this by following a strategy, first 
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128301-2 demonstrated by Kawana and Jones [5] , that includes numerically differentiating the data to determine the thermal expansion ðTÞ. The data in the inset in Fig. 1 are typical of all our samples, where a stepwise change in ðTÞ occurs. This ''jump'' is characteristic of the glass transition; the onset of the transition is denoted by T þ , and the end of the transition is denoted by T À . The significance of this analysis is that different regions of a film ''fall'' out of equilibrium at different temperatures. It is evident from Fig. 3, for linear chains, that the magnitude of the decrease of T À with decreasing H, jÁT À j, is appreciably larger than the increase of T þ , jÁT þ j, over the same thickness range. T À is the glass transition of the surface region, which clearly occurs at a T below the bulk T g . Since jÁT À j > jÁT þ j, then the average T g of the sufficiently thin film decreases. Of course, for thick films the bulk T g is always recovered because the interior of the film accounts for most of the volume of the system. Our results are consistent with those of Kim et al. [31] . The behavior of the star molecules can be quite different; both T þ and T À of the 8-arm star with M arm ¼ 10 kg=mol increase with decreasing H, indicating that the transitions at both interfaces occur at higher temperatures than the bulk T g . The behavior of the star molecule with arms of M arm ¼ 25 kg=mol represents the intermediate case.
While evidence of depth-dependent T g 's in these systems is based on interpretation of the thermal expansion data, PALS provides more direct information. The use of a variable energy focused beam of positrons beam source is particularly powerful as it is reliably used to implant positrons at specific depths within a sample, through control of the incident energy, within a sample. We examined thick films, H $ 350 nm, in order to avoid the influence of the substrate in order to determine the T g of the free surface. The data for the linear PS and 8-arm star PS in Fig. 4 reveal that the T g at the free surface of the linear chain PS system is lower than that of the interior of the sample. In contrast, the ''surface'' T g of the star is larger than the bulk and decreases gradually to its bulk value with depth.
The differences in the depth dependence of the linear and star molecules may be rationalized in terms of two possible processes. One is related to a mechanism proposed by de Gennes describing the transport of free volume along the contour of linear chains at the free surface, in an effort to rationalize the low surface T g [32] . The basic idea is that a segment of a chain forming a loop that begins at one location at the free interface and extends below the surface and reaches the surface in another location would be a source for the transport of ''free volume.'' Specifically, ''kinks'' necessarily would exist along such loops and the motion of the kinks, which This might affect the local free volume in the vicinity of the free surface and hence the dynamics associated with the T g . The fact that the T g of the surface region of stars is higher than the bulk also rules out reasons associated with the role of chain-end effects, at least for this system, which is often invoked as a reason for reductions in T g of thin linear polymer films. Our primary finding is that by changing the architecture of the molecule, going from linear chains to star-shaped macromolecules, the glass transition temperature increases with decreasing film thickness H (ÁT g > 0). This is in contrast to the well known behavior of linear chain PS macromolecules, on the same substrates, where the T g decreases with decreasing H (ÁT g < 0). Previously, the increase in T g with decreasing H would have been believed to be due only to specific, strong or enthalpic, interactions between the substrate and the polymer. In our case, the increase of the average T g of the film was due largely to the fact that the surface T g of the star molecule is higher than the bulk. The enhanced entropic attraction of the star macromolecules to both interfaces, compared to linear chains, could account for the observation that the T g 's, T þ and T À , are higher than the bulk T g . Notably, the transition from ÁT g < 0 to ÁT g > 0 for the star molecules occurs gradually with increasing f and/or decreasing N arm . In the case of low f or/and large N arm , the behavior is identical to that of linear PS. That the surface T g of a polymer system is higher than the interior (or bulk), associated with the star-shaped architecture of the polymer, is important because until now the generally accepted view was that the surface T g of a polymer should always be lower than the interior (or bulk).
These results now clearly demonstrate, for the first time, the role of the architecture of the macromolecule on the thickness dependence of T g and the interfacial T g 's. This has important implications regarding conjectures or theories for vitrification in materials. In principle, one might anticipate that other properties such as the wetting properties as well as structural relaxation processes associated with physical properties such as aging might also be influenced. Preliminary experiments in our laboratory suggest that such may be the case.
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